Introduction
Providing for clean water in a safe, inexpensive and energy-efficient manner is amongst the most important technological challenges facing humanity the coming decades. [1] [2] [3] Desalination is a key requirement to convert brackish, sea or waste water into water suitable for use. Presently, reverse osmosis and distillation are the state-of-the-art technologies for large-scale desalination. In these approaches, clean water is produced either by using water-permeable membranes, or by evaporation.
Desalination using these techniques can be energetically demanding and especially for water of relatively low ionic strength, it can be advantageous not to focus on the recovery of clean water from the salt-containing solution, as in reverse osmosis and distillation, but instead to focus on removing the relatively few ions. In this respect it is interesting to note that at 10 mM, which is approximately the lower limit of brackish water, for each 2500 water molecules there is only about one ion.
This approach, to focus on the removal of the ions from the solution that must be treated, is followed in electrodialysis 4, 5 and in capacitive deionization (CDI). [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] In the present work we focus on CDIrelated techniques. CDI is a technology where an electrical field is applied between two closely spaced porous electrodes (often activated carbon with internal surface areas of the order of 2 /g; a typical cell voltage is 1.2 V). Ions in the water flowing through the transport channel, or "spacer", in between the electrodes, are extracted, with cations stored in the cathode (the electrode of negative electrical bias) and anions stored in the other electrode, with the effluent water desalinated to a certain degree. The assembly of electrodes and transport channel is called a "cell". CDI is a technology similar to that of electrostatic double layer (EDL) supercapacitors 23, 24, 25 but modified to operate in a "flowthrough"-mode, while focus is on salt removal and not on charge storage. Also laminar flow fuel cells use such a flowthrough mode but focus on electrochemical conversion. 26 In CDI, ions removed from the inflowing solution are stored in the EDLs within the porous electrode, and when the ion storage capacity is reached (or a certain percentage thereof), the applied voltage can be reduced and ions are again released leading to a (small) product stream concentrated in salt. Influenced by the electrical field, cations present in the water flowing through the spacer channel migrate through the cation exchange membrane and are stored inside the adjacent porous electrode; simultaneously, anions are stored in the opposite electrode. In CDI, the ion exchange membranes are left out. Schematic overview of (a) one cell, and (b) modeling approach for an electrode consisting of porous carbon particles.
CDI (and MCDI, to be discussed below) are electro-capacitive processes, implying that electrochemistry does (ideally) not occur, with charge storage of a purely capacitive nature, and thus the process being repeatable without energetic losses. The size scale of our cells is typically of the order of 100-200 µm thickness for each layer (which are spacers, membranes, electrodes, and current collectors), making a complete cell typically of the order of 1 mm thickness. Therefore, (M)CDI is an example of a "millifluidic" flow technology. In CDI, the electron current that goes from anode to cathode during ion adsorption is reversed during ion release, with ideally a perfect charge balance, i.e., integrated over a complete cycle of ion adsorption and desorption, there is no leakage current due to electrochemical reactions. 27, 28 An external power source charges the CDI-cell during the ion adsorption-step, i.e., energy is required to transfer electrons from the anode to the cathode, while during ion release (ion desorption) the electrons spontaneously flow in the reverse direction. During this stage, the electron current can be used to partially charge another CDI-cell during its ion adsorption step. In this way the overall energy consumption of a desalination stack consisting of multiple cells, can be reduced. It is the general aim to find operation schemes for CDI where the total energy use is as close as possible to the thermodynamic minimum energy input for desalination, which is for a 1:1 salt given by ( ) It has been found experimentally that positioning ion-exchange membranes in front of the electrodes improves performance of the CDI-process significantly. In this approach, called membrane capacitive deionization (MCDI), see Fig. 1 , cation exchange membranes are placed in front of the cathode, i.e., the electrode which during the ion-removal step attracts the cations by applying a negative voltage relative to the other electrode, which is the anode and which attracts the anions. [29] [30] [31] [32] [33] [34] [35] The origin of the advantageous effect of the membranes is not completely understood, which hampers further optimization of this technology. The only previous theoretical model for MCDI (ref. 32) considers that the ions are adsorbed in the EDLs which are formed inside the carbon particles where the electrolyte contacts the carbon matrix, without considering a possible salt storage in the interparticle pore space or transport pathways in the electrode (which we call macropores as in ref. 7 , with the pores inside the carbon called the micropores 7, 36, 37 ). However, co-ions expelled from the EDLs inside the particles will end up in these macropores. Because of charge neutrality there, more counterions can then be absorbed in the electrode. In the present work we will include the macropores in the theoretical model, and show that we are well able to describe experimental data for CDI and MCDI. Thus, the novel theoretical model is suitable for predictive purposes such as for system optimization.
The (M)CDI transport model describes how the ion current across the membrane into the electrode leads to a simultaneous electron current to keep charge balance in the electrode. The ion current is mainly due to counterion transport, but for non-ideal membranes also has a contribution from coions going in the reverse direction. Note that the counterions are the ions that during the ion removal-step are attracted into the electrode; thus cations are counterions in the cathode, and vice-versa for anions in the anode. The co-ion is the ion that during ion removal is depleted from the EDLs in the micropores. The electron current will be charge-balanced partially by counterion adsorption from the interparticle pore space (macropores, where the concentration of cations equals that of the anions) into the EDLs which are formed inside the micropores, and partially by the desorption of co-ions from the EDLs. These co-ions are largely retained by the membrane and thus accumulate in the interparticle pore space, increasing the concentration to values beyond that in the spacer channel.
Because of charge neutrality in the macropores, this accumulation of co-ions also leads to an accumulation of counterions. Thus, effectively, part of the transported counterions (from the spacer channel through the membrane) is adsorbed in the EDLs in the micropores, and part is stored in the macropores. Therefore, the macropores play an important role in increasing the salt adsorption efficiency of MCDI, an effect which is absent in CDI because in CDI the salt concentration in the macropores is lower during ion-removal (not higher) while upon reaching equilibrium it becomes the same as the salt concentration outside the electrode, i.e., in the spacer channel, and thus the macropores have no salt storage capacity in CDI.
A further advantage of MCDI is that it is possible to operate at reversed voltage during ion release. This is not possible in CDI (the technology without membranes) because then the ions that are released from the one electrode are quickly adsorbed in the other electrode, without releasing much salt into the effluent stream, i.e., the role of cathode and anode is simply reversed. In MCDI, the counterions are released from one electrode into the spacer channel, but cannot move into the other electrode because of the membrane. Thus both electrodes are depleted of their respective counterions. Not only are counterions removed to the point that the electrode is charge neutral again, but counterion desorption continues, first of all from the EDLs in the micropores, in which now the coions are attracted as countercharge, and secondly from the interparticle macropores, of which the salt concentration drops dramatically. Thus we have a very effective clean-up of the counterions from the electrode structure. Consequently, in the subsequent adsorption step of the next cycle, the counterion adsorption rate and capacity are significantly increased compared to CDI.
In the next sections we will introduce the various theoretical elements of the improved MCDI-model which includes the above effects, list the various assumptions, present the mathematical framework to calculate desalination performance and electrical currents, and compare model predictions with experimental data for CDI and for MCDI in two operating modes: both for ion release at zero voltage ("0-MCDI"), and for ion release at reversed voltage ("r-MCDI").
General discussion of theory for MCDI
In this section we introduce the elements of the theoretical process model which can be used both for MCDI and CDI. We will describe the modifications relative to the theory of ref. 32 , and list the various assumptions that are made.
• As discussed in the previous section, the theory distinguishes between the interparticle pores (the macropores in between the carbon particles) where c cation =c anion , and the micropores inside the carbon particles, where the concentration of the cations and anions can be different, i.e., EDLs are formed. 7, 36, 37, 38 The pore volume inside the carbon particles (intraparticle porosity), we call the microporosity, p mi , while the pores outside, i.e., in between, the carbon particles is the interparticle, or macro-porosity, p mA . Formally, micropores and macropores are defined as those pores with sizes <2nm and >50 nm, respectively, but we follow literature on porous electrode transport theory 7 where microporosity is used for the pores inside the carbon particles, and macroporosity for the much larger, transport, pores, outside the carbon particle.
• Transport of ions through the ion-exchange membrane in front of the electrode will be described using the Nernst-Planck equation allowing for both types of ions to permeate the membrane. 39, 40, 41 Thus, the membranes are not considered to be ideally permselective as in ref. 32 . We will exclude transport of protons or hydroxyl-ions and also set a possible water flow through the membrane to zero.
• At the membrane-solution edges Donnan-equilibrium is assumed which relates the ion concentration difference across each of these edges to the voltage drop (Donnan potential).
• Transport in the spacer channel is described in the flow direction (y) by considering several idealstirred volumes placed in series, like our approach in ref. 32 . Each stirred-volume is defined by a single salt concentration, i.e., we neglect a salt concentration gradient in the direction of the membrane.
This is different from our approach in ref. 32 where we made use of the concept of an equilibrium Nernst layer (stagnant boundary layer, diffusion film, mass transfer layer, concentration-polarization layer), a thin theoretical layer envisioned in front of the membrane, separating the membrane from the spacer channel bulk volume, see refs. [21, 32, 42, 43] . In hindsight, this approach is problematic in MCDI because the spacer channel is already quite thin, and thus a theoretical separation of the channel into a bulk-phase and two diffusion films, is not well possible (actually, the spacer thickness is of the order of a typical thickness of such a diffusion film, about 200 µm). Furthermore, full calculations using the Nernst-Planck equation showed that because our spacer channel is thin, and because a significant part of the ion transport resistance is located within the electrode, concentration variations across the spacer channel (in x-direction) are not that significant. Note that this is different in electrodialysis where mass transfer resistances are mainly in the flow channel. 5 Thus, across the thickness of the spacer channel in x-direction we consider a constant salt concentration (which depends on time,
and on y-position) and thus we arrive at an expression for the ion current J in x-direction which is linear with the salt diffusion coefficient and the spacer salt concentration, c sp .
• Within the porous electrode we do not use the full nonlinear porous electrode theory for desalination described in refs. 21 and 28, but use a simplified approach in which we average the concentrations across the electrode region (i.e., neglect salt concentration and potential gradients in the macropores), as in ref. 44 , and describe the transport resistance empirically by considering an electrical resistance which is linearly dependent on the macropore salt concentration, c mA , analogous to the description of the resistance in the spacer channel.
• Addiitionally, for the electrode region we include the possibility that there is a small convective leakage flow of solution through the electrodes, on the "wrong side" of the membrane, entering the electrode "head-on", see ref. 44 where this effect is considered for the first time, in the context of energy recovery from the sequential flow of sea and river water through a millifluidic device.
• To describe the EDLs we previously made use of the Gouy-Chapman-Stern (GCS) model, see
refs. [13, 15, 20, 21, 28, 32, 44, 45, 46] . The GCS-model was shown to be very successful in describing equilibrium data for both salt adsorption and charge density in porous electrodes as function of cell voltage and ionic strength. However, in the course of modeling transport into porous electrodes, we found that the GCS-model is problematic, and cannot be used robustly in a transport model where the macropore salt concentration, c mA , changes in time and when the pore size is small relative to the Debye length. This relates to the fact that the GCS-model assumes a diffuse layer (besides an inner, Stern, layer) which has a typical extension into free solution of several times the Debye length (which is ~3 nm at 10 mM salt concentration). However, the micropores in porous activated carbon electrodes are small (less than 2 nm) and diffuse layers must be overlapping strongly. 47, 48, 49 Using the GCSmodel in a transport model, especially in modeling MCDI at reversed voltage during ion release, where c mA goes down strongly, leads to mathematical divergences. This led us to develop a novel approach which is presented here; namely, we describe the interior volume of the carbon particle by a "modified Donnan model". In this model it is assumed that within the carbon particle the pore space has an approximately constant electrostatic potential. This is a reasonable assumption because the Debye length is in most situations much larger than the micropore size. Compared to the classical Donnan approach used for charged gels, membranes, sedimentation of charged colloids, 50 clays 37, 38 and porous electrodes, 51 we make two modifications: firstly, we include the charge-free Stern layer in between the pore solution and the carbon matrix, and secondly we consider an additional attractive force for the ion to go from the macropores into the micropores, described by a chemical attraction of strength µ att . In this way it will be possible to include in the model the fact that even at zero voltage, neutral salt already adsorbs in the carbon material. This adjustment is also required because as shown in Fig. 2 (to be discussed further on) we measure a much higher co-ion expulsion from the carbon particles than can be explained in the absence of the chemical attraction (i.e., for µ att =0). In the present work we use for the cation and the anion the same value for µ att to preserve symmetry between the two electrodes in the theory, but it is more likely that in reality the two numbers are different for each ion, and will also be different for different ions of the same sign.
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• To make the EDL adsorption properties in the carbon particles more intuitively insightful, we no longer describe the EDL-properties per unit surface area of the electrolyte/carbon interface, but define the salt adsorption and charge as a concentration per unit volume of intraparticle pore space (i.e., based on the micropore volume within the carbon particles). Assuming perfect symmetry of the two electrodes, we can then derive the concentration of counterions and co-ions in the micropores (relative to that at zero applied cell voltage) from measured salt adsorption and charge in a CDI-cell, see For the co-ions we observe in Fig. 2 that the concentration (relative to zero voltage) is negative, which is as expected, because the co-ion is expelled from the EDLs. But, unexpectedly this co-ion concentration is in magnitude much larger (namely up to values of the order of 150 mM) than the expected pore concentration at zero voltage (which is equal to the concentration in the spacer channel in these equilibrium experiments, either 5 or 20 mM for the data of Fig. 2 ). This is a very remarkable finding, which may prove to be an important piece of information in finding a proper EDL-model for porous electrodes in contact with aqueous solutions. We interpret these highly negative co-ion concentrations as being due to the fact that also without applying a cell voltage, there is salt adsorption in the porous carbon particles due to a chemical affinity of the ions with the porous carbon. Upon applying the voltage, the co-ions of these chemically adsorbed salt molecules are expelled. This effect will be included using non-zero values of the attractive term µ att . This assumption of a chemical attraction of ions into the micropores of activated carbon particles is supported by the fact that porous carbons are wellknown to adsorb ions, also in the absence of an applied voltage.
• In this work we assume perfect symmetry in the cell: the membranes are either in front of both electrodes, or in front of neither electrode (which is CDI). Both membranes are assumed to have the same ion mobility and to have the same membrane fixed charge density, X. Note that experimentally it is certainly possible to place an ion-exchange membrane only in front of one membrane, and have water desalination, as reported in ref. 33 and 34. Furthermore we assume an equal mass of the anode and cathode, and a symmetrical structure of the EDL, i.e., the EDL-structure in the anode is completely similar to that in the cathode (except for the difference in charge sign). We take the same diffusion coefficient for both ions, both in solution (the spacer channel) and in the membrane.
• We do not consider a possible role of protons and hydroxyl ions in determining the structure of the EDL, e.g. by modifying the chemical surface charge of the carbon. We consider a monovalent 1:1 salt solution of ions that are fully dissociated, like NaCl. We neglect possible faradaic, electrochemical, reactions in the electrodes.
Mathematical description of theory
In this section we present the mathematical model for the MCDI and CDI process, based on the elements and assumptions explained in the previous section. We start with discussing ion transport in the spacer, then the membrane, and finally describe ion storage in the porous electrode as a whole, as well as in the EDLs within the porous particles.
Transport in the spacer and membrane
For the spacer channel we set up a salt mass balance in which the accumulation of salt is determined by diffusion and migration in the x-direction into the membrane (or for CDI directly into the elec- 
where c sp is the spacer salt concentration in mol/m 3 (mM), t is time, J ion the ion flux in x-direction at one interface directed into the membrane or electrode (in a perfectly symmetric cell J ion is the same in magnitude on each interface, and thus equal to the salt flux from the transport channel; note that we consider a 1:1 salt thus two ions constitute one salt molecule), v sp the spacer water velocity, and y the coordinate along the length of the channel from y=0 at the entrance to y=L at the exit of the channel.
In using Eq. 1, we make several assumptions: 1. we neglect axial diffusion, or dispersion in the ydirection, and 2. we consider concentration gradients in the x-direction to be small. Both these as- 
where c salt is the salt concentration just outside the membrane (being either c sp , or the macropore salt concentration in the electrode, c mA ), X is the membrane 'ion exchange capacity', i.e., the magnitude of the membrane fixed charge density, and ω is the sign of the membrane charge (e.g., ω=+1 for an anion-exchange membrane).
Inside the membrane, charge balance is given by c cation -c anion +ωX=0 which can be combined with the Nernst-Planck (NP) equation for each ion, and the resulting set of equations can be solved exactly.
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However, because full calculations showed that the concentration and potential profiles across the membrane are close to linear in a highly charged membrane, we linearize the NP-equations leading
where subscript "mem" is used for properties within the membrane, where c T,mem is the total ion concentration in the membrane, given by c T,mem =c cation,mem +c anion,mem , where <..> denotes an average property, where ∆ is the difference across the membrane, and where δ mem is the membrane thickness. At both solution/membrane edges, the total ion concentration in the membrane, c T,mem , is given by c T,mem =2.c salt ⋅cosh(∆φ donnan )=√(X 2 + (2⋅c salt ) 2 ), with c salt as for Eq. 3 either c sp or c mA . The average concentration <c T,mem > required in Eq. 4 is calculated as the average of these two boundary values for c T,mem .
Likewise, the linearized total ion flux through the membrane, J ion,mem , is given by ( )
and related, that there is no accumulation of salt in the membrane. Full calculations, however, based on the full NP-equation for the membrane, implemented in a differential mass balance, show that this is not exactly true, and that there can be differences in J ion,mem across the membrane (especially upon voltage reversal in r-MCDI), leading to salt storage or depletion of the membrane itself. This model extension, however, is not further considered in the present work.
For the linearized model, the ion flux through the membrane J ion,mem , is equal to the ion fluxes in solution at the two solution/membrane edges. On the side of the spacer channel, J ion,mem goes directly into Eq. 1, while on the side of the electrode, it enters in the electrode ion balance, Eq. 10. The current density in the membrane, I, given by Eq. 4, equals the current density in the spacer channel, given by Eq. 2, and is equal to the current that runs into the micropores within the electrode, see Eq. 9. These are the boundary conditions which apply in the x-direction. In the axial y-direction, we only have to prescribe the inflowing concentration c sp (y=0)=c in .
We solve Eq. 1 by discretization into M ideally-stirred volumes placed in series, like in ref. 32 . In that case, Eq. 1 can be simplified to:
where i is a counter running from 1 for the first volume to M, the last, and τ is the spacer channel residence time (spacer channel volume V sp =A⋅δ sp , divided by the water flow rate Φ sp ). The inflow salt concentration into the cell is c in =c sp,0 and the eflluent or outflow salt concentration is c eff =c sp,M . All of the following equations in this section are solved for each stirred volume (1<i<M) separately.
Finally, we consider the voltage across the cell which is given by the sum of the potential drop over each spacer channel half-space (from 0 to h), ∆φ sp,half , the Donnan potential, ∆φ donnan , at the membrane/spacer edge, the potential across the membrane, ∆φ mem , minus ∆φ donnan at the membrane/electrode edge, the potential drop in the electrode, ∆φ elec , and the Donnan potential and the Stern layer potential in the micropores, ∆φ d +∆φ St , to be discussed further on, together sum up to half of 
where the electrode potential drop, ∆φ elec relates to current density I according to
with R elec an electrode specific resistance with dimension Ω.mol/m.
The above model can be used both for MCDI and for CDI. For CDI, the membrane is absent, which can be modelled simply by setting the membrane thickness δ mem equal to zero. This is sufficient, but in our calculations we also set the membrane charge to zero, i.e., X=0. In CDI this means that the concentration in the spacer channel at the edge with the (now vanished) membrane becomes equal to the concentration in the electrode macropores, c mA .
Within the electrodes, we do not consider in the x-direction any gradients in potential, φ, and concentration, c, but take an average value for φ and c. Detailed theory to describe ion migration and diffusion across a porous electrode, and thus the resulting gradients in φ and c, is given in refs. 21 and 28. In the electrode, there are two different porous (electrolyte-filled) phases. First of all, there are the macropores, where we assume c cation =c anion , which equals the macropore salt concentration, given by c mA . This is the volume in between the carbon particles, and has porosity p mA (equal to p M in ref. 7 ).
Secondly, we consider the micropores with porosity p mi , in which the cat-and anion concentrations, c i,mi , can be different from one another, which we will determine using the modified Donnan model as 
where τ elec is the superficial residence time in the electrode due to convective flow of solution through the electrode. The residence time τ elec is given by the total electrode volume V elec divided by the electrode flow rate Φ elec . This leakage flow of water is calculated as follows. The total water flow rate per cell is Φ tot , and the fraction of that which runs through an electrode is Φ elec =α⋅Φ tot , and thus the flow directed through the spacer channel is Φ sp =(1-2α)⋅Φ tot . 44 The flows through the spacer channel and through the two electrodes are combined into the effluent which leaves the cell, and of this mixture the salt concentration, c eff , is given theoretically by c eff =(1-2α)⋅c sp,M +2α⋅c mA,M , see Fig. 5 Finally we describe how to model the structure of the EDLs in the electrodes. As discussed in the previous section we will use a "modified Donnan model" which describes the micropores in the carbon particle by a single electrostatic potential. The concentration of ion j in the micropore volume is then given by ( )
where z j =+1 for the cation and z j =-1 for the anion, while µ att is an attractive contribution to the ion chemical potential upon going from the macropores into the micropores, and ∆φ d is the Donnan potential difference between inside the porous carbon particle and outside, i.e., in the macropores.
the ion-containing electrolyte in the micropores, from the carbon itself in which the electron charge is stored, according to
where h p,mi is the volume/area ratio for the micropores. 21 An important modification that we make relative to classical Donnan models, is to consider that even without applying a voltage (without electronic charge stored in the carbon) there is already a non-zero salt adsorption in the carbon particles. This effect we describe by considering a contribution to the chemical potential, µ att , of each ion upon entering the carbon particle, which for simplicity we take equal for each ion in the present work. This finalizes the cell model as will be used both for CDI and MCDI, both with ion release at zero voltage (0-MCDI) and for ion release at reversed voltage (r-MCDI).
Results and Discussion

Testing of the modified Donnan model using equilibrium data for charge and salt adsorption in CDI
In this section, we re-analyze equilibrium data for charge Σ and salt adsorption Γ salt as presented in In Fig. 2b we present data from ref. 20 for the ratio of Γ salt /Σ which is the charge efficiency of the CDI-cell, Λ. These are direct data without making any model assumption. In Fig. 2a we show a novel representation of the data for Σ and Γ salt , namely by plotting the counterion and coion concentration in the carbon micropore volume. To derive these data, symmetry of the two electrodes must be assumed, i.e., that the cell voltage can be divided by two and then equals the voltage drop across each EDL in each electrode, i.e., V cell /(2⋅V T )=∆φ d +∆φ St . Also the theoretical lines in Fig. 2 are based on the assumption of symmetry.
How can we derive from the measured equilibrium charge Σ and salt adsorption Γ salt , the counterion concentration, c counter,mi , and co-ion concentration, c co,mi , in the micropores? To this end we use the fact that Γ salt depends on the summation of counterion and coion micropore concentration, while charge Σ depends on the difference between these two concentrations. The counterion and coion micropore concentrations can then be calculated from
where superscript "0" refers to the ion concentration at a cell voltage of V cell =0, and where ρ e is the overall electrode mass density (for which we use ρ e =0.58 g/ml) while we use a microporosity of 
To fit the modified Donnan model to the data, we first of all set the value of h p,mi (the volume/area ratio in the micropores) arbitrarily to h p,mi =1 nm. This is possible because we will use C St as an adjustable parameter, and as Eq. 12 shows, it is actually the ratio C St /h p,mi which is a single adjustable parameter, representing a volumetric capacity. For the Stern capacity, C St , we use the empirical expres- considered. This second term can be rationalized as indicating that for higher Stern layer voltages (thus higher charge), the closest-approach-distance of the ion to the electron slightly decreases, which can be explained by the higher attractive force that acts across the Stern layer at high charge. 57, 58 Because of this second term, the fit of the modified Donnan model to the data improves. Finally, to fit the modified Donnan model to the data we set the attractive term to µ att =2.0 kT.
As discussed in the previous section, using these parameter settings it is possible to describe the data quite accurately by the modified Donnan model, see Fig. 3 shows that up to concentrations of c salt =40 mM the model describes the data well. In Fig. 3 , charge is given in C/g which is equal to charge Σ (which is expressed in mol/g), multiplied by Faraday's number, F. Ireland, δ sp =350 µm). After assembly, the entire stack of all layers is firmly pressed together and placed in a teflon housing. The salt concentration of the effluent is measured on-line via conductivity.
The water flow rate per cell is given by Φ tot =0.125 ml/sec. The cell voltage is applied using a potentiostat which measures the current between cathode and anode after applying a step change in cell voltage. The current is integrated for the duration of the ion adsorption step, giving the total charge tranferred which is equal (within measurement error and for a small leakage current) to the charge re- 
during the ion adsorption-step is equal to the release of salt in the desorption-step. /s. For the spacer and membrane thickness we take δ sp =250 µm and δ mem =140 µm, while we use a membrane fixed charge density of X=8 M. In the calculation, the number of stirred volumes placed in series, M, is set to M=6. The resistance R elec is set to R elec =0.12 Ω.mol/m. The leakage factor α is set to 0.25%, i.e., through both electrode only 0.5% of the total water flow rate is directed. i.e., the duration of an ion removal-step, which is equal to the duration of the subsequent ion-release step. Thus, the full cycle has a duration of twice the HCT. For application of (M)CDI in practice, it is important that HCT is optimized to maximize the average salt removal rate. Comparing theory with data, we find a very good agreement: first of all, we observe that the value of the plateaus at high HCT is well predicted, both for salt adsorption and for charge, and for each of the three process modes. We also find that in MCDI the predicted plateau-value in salt adsorption decreases slightly with HCT, which is also observed in the data, though more evidently. In our model this decrease is due to the water flow behind the membrane (i.e., that α≠0) and the membrane not being 100% ideally permselective. Because of these two effects, slowly the salt which is stored in the macropores leaks away (i.e., c mA goes down in time). The decline in salt adsorption and charge when HCT goes to zero is also well reproduced for all three process options. Fig. 5 shows experimental data and theoretical predictions for the effluent concentration as function of time, for one value of the halfcycle time, namely HCT=300 s. As can be observed the predicted curves are quite similar to the experimental ones, certainly for CDI and 0-MCDI. For r-MCDI the minimum in effluent salt concentration occurs a bit later in theory than in the experiment, and is deeper, while the maximum (upon voltage reversal) is higher, and the decline in c eff is more rapid than experimentally.
Finally, Fig. 6 shows the predicted development of the macropore concentration, c mA , as function of time, showing the very marked differences between CDI, 0-MCDI and r-MCDI. For both MCDI-options, the macropore concentration, c mA , goes up during ion adsorption while it goes down for CDI, explaining the higher ion adsorption capacity for MCDI vs CDI.
In conclusion, in this work we have made significant progress in setting up a comprehensive model which can describe both CDI and MCDI, with ion release at zero voltage as well as at reversed voltage. Important is consideration of the macropore volume, where the cation concentration equals that of the anions, as well as the use of the modified Donnan model for charge and salt storage in the micropores within the carbon particles. 
Conclusions
We have set up a comprehensive model which describes both capacitive deionization (CDI) and membrane capacitive deionization (MCDI). For MCDI two operation modes are considered, either "0-MCDI" where ions are release at zero cell voltage, and "r-MCDI" where the ions are release at reversed voltage. Experiments and modeling agree that 0-MCDI removes around 20% more salt than CDI, and r-MCDI again 20% more. The model includes several novel elements, such as including the fact that also co-ions can pass the ion-exchange membrane, while for the electrode, a distinction is made between the transport pathways, or macropores, where the concentration of both ions is the same, and the micropores inside carbon particles where charge is stored and thus the ion concentrations can be different. For the micropores a novel modified Donnan model is implemented which very favorably describes equilibrium data for salt adsorption and charge. An ion transport resistance in the electrode was included by considering a resistance which is inversely proportional to the macropore salt concentration. Major trends in salt adsorption and charge as function of the duration of the (M)CDI-cycle are well reproduced by the theory, as well as the profiles of effluent concentration vs.
time. The validated MCDI process model can be used for design and process optimization studies.
